Genes with new functions often evolve by gene duplication. Alternative splicing is another means of evolutionary innovation in eukaryotes, which allows a single gene to encode functionally diverse proteins. We investigate a connection between these two evolutionary phenomena. For ∼10% of the described cases of substitution alternative splicing, such that either one or another amino acid sequence is included into the protein, evidence of origin by tandem exon duplication was found. This is a conservative estimate because alternative exons are typically short and, on many occasions, duplicates may have diverged beyond recognition. Dating exon duplications through a combination of the available experimental data on alternative splicing in orthologous genes from different species and computational analysis indicates that most of the duplications antedate at least the radiation of mammalian orders or even the radiation of vertebrate classes. At present, tandem exon duplication is the only mechanism of evolution of substitution alternative splicing that can be specifically demonstrated. Along with gene duplication, this could be a major route for generating functional diversity during evolution of multicellular eukaryotes.
INTRODUCTION
Recent sequencing of complete eukaryotic genomes showed that the number of genes in complex organisms is surprisingly small. Humans appear to have only approximately 1.5 times as many genes as a relatively simple nematode, Caenorhabditis elegans (approximately 30 000 versus approximately 20 000), and approximately three times as many as the most complex bacteria, e.g. Streptomyces (1-4). The fruit fly Drosophila melanogaster, an organism that is undoubtedly more complex than C.elegans, paradoxically has less than 15 000 genes. This lack of correlation between the complexity of an organisms and the number of genes it has may be partially explained if a gene often codes for more than one protein, owing to alternative splicing. Indeed, alternative splicing is widespread in multicellular eukaryotes, with as many as one in every three human genes producing multiple isoforms (5, 6) , although even this figure is largely accepted to be an underestimate (6) (7) (8) .
Individual genes with mutually alternate, alternative exons theoretically are capable of producing many more protein isoforms than there are genes in the entire genome (reviewed in 8) . Therefore, the ability of alternative splicing to create diversity in the proteome may hold the key to at least some of the observed complexity of the eukaryotic organisms.
At the genome level, classification of the modes of alternative splicing, that includes all possible combinations of the intron-exon structure, has been developed (9) . However, to address the impact of alternative splicing on the proteome, a protein-level classification is more relevant. Alternative splicing may affect the protein sequence in two ways: (i) by deleting or inserting a sequence and creating long and short isoforms, with the short isoform being a subsequence of the long one, or (ii) by substituting one segment of the amino acid sequence for another, with each isoform having its own, unique subsequence. The first mode of alternative splicing is more common (5, 10) and is primarily responsible for generation of specific regulators of protein function, with the shorter form often being a dominant-negative regulator of the longer form's activity [for example (11) (12) (13) (14) ]. In contrast, the second mode is capable of creating, from mutually exclusive alternative sequences, the multitude of functionally distinct protein isoforms and, thus, might have a crucial role in the evolution of complex organisms.
Gene duplication is, arguably, the most common mechanism for creating functional novelty at the level of genes (15) (16) (17) . Therefore, it seems reasonable to hypothesize that some of the mutually exclusive exons involved in substitution-type alternative splicing might also have evolved by intragenic duplication. Following this reasoning and several reports of probable origin of alternative sequences by duplication (18) (19) (20) (21) (22) (23) , we sought to investigate the role of exon duplication in the evolution of alternative splicing.
RESULTS
Using proteins from the SwissProt database that were annotated as alternatively spliced, we created a non-redundant data set of 575 substitution alternative splicing cases (Materials and Methods). The difficulty in identifying diverged duplicates among alternatively spliced sequences lies in the fact that they are typically short (median length 33 amino acids), which hampers detection of reliable sequence similarity between diverged duplicates with conventional sequence analysis methods. The initial screening for duplicated sequences involved comparing the two alternatively spliced sequences using the BLASTP program (24) . In 109 cases, an alignment with a score above the cut-off expected value of 10 was produced, and these cases were further investigated. To *To whom correspondence should be addressed. Tel: +1 301 535 5913; Fax: +1 301 435 7794; Email: koonin@ncbi.nlm.nih.gov search for possible duplications in this set, we exploited the conservation of the protein segments subject to alternative splicing in homologous proteins from other species.
Initially, we attempted to generate hidden Markov models [HMM (25) ] from multiple alignments of alternatively spliced protein segments with the corresponding sequences from orthologs and to use these HMMs for detecting duplicates among alternatively spliced sequences. However, this method proved to be insufficiently sensitive (data not shown), so we turned to analysis of conserved amino acid patterns. For each pair of alternative sequences, a pattern of conserved amino acid residues was derived from the BLAST alignment and run against the SwissProt and TrEMBL databases using the ScanProsite program. When the pattern of amino acid identities and similarities that is conserved between the alternative sequences retrieved exclusively homologs of the corresponding protein (as evaluated by examination of the respective BLAST search results), this was considered an indication that the alternative sequences were related through duplication. Conversely, when the pattern was not selective, i.e. retrieved sequences of nonhomologous proteins, the duplication hypothesis was rejected. To account for the possibility that the derived pattern was overly specific, in cases when no sequences other than the alternative sequences themselves were detected, the reverse search was performed. A multiple alignment of one of the alternative sequences with the corresponding sequences from homologous proteins was constructed, and the pattern of conserved residues was extracted and run against the SwissProt and TrEMBL databases using the ScanProsite program. When the second alternative sequence was detected with this pattern without any false positives retrieved, this was accepted as support for the duplication hypothesis.
Of the 575 alternative splicing events in our initial set, this approach produced evidence of origin by duplication for 50 (9%) ( Table 1 ). The alternative sequences, for which evidence of duplication was obtained by amino acid pattern analysis, were at least 30% similar (Fig. 1) . Given the characteristic length of alternative sequences, duplicated sequences with greater divergence probably retained too little information to be detected by these methods. No duplicated alternative sequences with >90% similar residues were detected. This might indicate that such intragenic duplications undergo accelerated evolution immediately after duplication. Alternatively, or additionally, this might be owing to the difficulty of recognizing alternative isoforms when they are nearly identical, especially when the identification involved cDNA screening. Thus, the number of detected cases of duplication among alternative sequences appears to be a conservative estimate. The observed conservation of amino acid patterns between duplicated alternative sequences and their counterparts in homologous proteins from distantly related species implies structural and functional conservation. This is supported by the observation that the pattern of variability in non-conserved positions of duplicated alternative sequences typically mimics that in homologs from other species; changes that are not already 'pre-approved' by selection during evolution are uncharacteristic (Fig. 2) . Thus, whatever functional variation is achieved by alternating duplicated sequences, it seems to be mediated by subtle changes in the structures of the proteins involved.
For cases of internal alternative splicing in which the gene structure was available in the literature or could be determined by the BLAT server (Materials and Methods), the unit of duplication was always one exon and the duplication involved consecutive exons (tandem duplication). In the case of N-and C-terminal alternative splicing, several exceptions were found, where duplication encompassed more than one exon, such as in the Drosophila passover protein (21) . Furthermore, several cases were identified where more than one duplication event apparently has been involved in the evolution of the alternatively spliced sequences. For example, in the Drosophila troponin, four exons seem to share a common ancestor (26) . No cases of partial exon duplication were detected.
The presence of homologous alternative splicing events in homologous genes in different species makes it possible to conclude that emergence of alternative splicing in the given gene antedates the last common ancestor (LCA) of the two lineages. Of the 50 cases of alternative splicing that seem to have evolved by duplication, 15 had homologs with demonstrated alternative splicing in related species (Table 1) . We also utilized a less direct approach for dating the duplication events, namely search for orthologous sequences that were significantly more similar to one alternative exon than to the other (Materials and Methods). The rationale behind this approach lies in the possibilities that alternative splicing remains undiscovered or that duplicated exons were secondarily lost in some lineages. As an example of this approach, one of the duplicated exons in a human gene is significantly more similar to a homologous exon in a Xenopus laevis gene, and the other exon is more similar to a Cyprinus carpio homolog (Fig. 2A) . If we assume that the Cyprinus homolog resembles the ancestral state, it can be inferred that the duplication of the exon occurred, at the latest, in the LCA of the human and frog lineages.
We applied this approach to the 50 duplicated alternative splicing cases, to estimate the approximate time of exon duplication. Of the 15 cases which were supported by data on alternative splicing in orthologs from different species, this dating approach implied a more distant time of emergence for only three cases, whereas, for the other 12 cases, the estimate was either more conservative or identical to that suggested by homologous alternative splicing. A combination of these results and the data on homologous alternative splicing is shown in Table 1 as our estimate of the LCA in which the duplication could have occurred. Of the 29 dated cases, the most common time frame for the emergence of the duplication was in the LCA of the mammalian orders, of which there were 14 cases. In two instances, the duplication was mapped to the LCA of mouse and rat. In 13 remaining cases, the duplication appeared to be more ancient, with five cases antedating the LCA of mammals and chicken, three the LCA of mammals and frog, two the LCA of mammals and bony fish, and two the LCA of mammals and nematodes (Table 1) . Although, because of the short length of the duplicated exons, statistical artifacts cannot be ruled out in some of these cases, the results suggest at least some duplications leading to substitution alternative splicing have persisted for hundreds of millions of years.
DISCUSSION
From an evolutionary perspective, exon duplication could be viewed in the same light as gene duplication, which is usually considered to be the principal path of functional diversification of proteins and emergence of new functions. The original hypothesis on the role of gene duplication in evolution, proposed in 1970 by Susumu Ohno, holds that one copy of a duplicated gene becomes functionally redundant and, accordingly, free of selective constraints, which usually leads to its elimination, but in the rare cases of beneficial mutations, could lead to a new gene function (15) (16) (17) 27, 28) . However, such an asymmetry in the evolution of duplicated genes does not seem to be common and, therefore, alternative theoretical frameworks have been proposed to describe evolution of duplicates. One of these postulates 'subfunctionalization', i.e. allocation of distinct sub-functions of the original gene to the duplicates, making both duplicates indispensable, as a result of mutations impairing each of the sub-functions in one of the duplicates (29, 30) . Another hypothesis postulates that a pair of duplicated genes could specialize and improve in different functions of the ancestral gene as a result of positive selection (31) .
All these considerations are also applicable to exon duplications, but the notion of specialization seems to be particularly relevant because, assuming that substitution alternative splicing has a functional role, diversification of the relatively small alternative exons may result in incremental changes in protein function. The theory of evolution of duplicated genes by 'subfunctionalization' is based on the assumption that, after a duplication event, the level of expression of the duplicated gene is doubled, thus relaxing the level of selection on degenerate mutations (29, 30) . However, after exon duplication, the level of expression and, therefore, the strength of selection is likely to remain the same, thus eliminating the possibility or the need for a relaxation of selection against degenerate mutations. Thus, if both duplicated exons are (alternately) translated immediately after the duplication event, both of them will be subject to stabilizing selection from the moment of their emergence. Accordingly, the initial apparent absence of selection after a duplication, which is a prerequisite of both the original Ohno's model and the 'subfunctionalization' model, does not seem to apply to duplicated exons. This appears to favor the specialization model for tandem exon duplications.
That exon duplication is likely to be non-lethal only when alternative splicing is established immediately after such an event, is suggested by examination of the structure of the duplicated exons. For 14 of the 25 sets of internal or N-terminal, alternatively spliced, duplicated exons, the combined length was not a multiple of 3 ( Table 1 ), so that retention of both duplicated exons in the mRNA would result in a frame shift. It is possible that the fact that there are many cases of alternative splicing, in which the sum of the lengths of the alternative exons does not divide by three, does not reflect the ancestral condition due to intron sliding. However, since intron sliding appears to be rare (32) (33) (34) , the alternative exons are likely to have been mutually exclusive and, therefore, alternatively spliced, from the moment of their emergence.
Although we identified exon duplications for only 9% of the substitution alternative splicing cases in our data set, it is likely that this number is an underestimate, perhaps substantial, of the actual number of cases that have originated via this route. This is primarily because alternative exons are typically short and many could have diverged beyond recognition of sequence similarity. Moreover, tandem exon duplication is, at present, the only mechanism for evolution of substitution alternative splicing that is directly supported by sequence data. The other imaginable mechanisms, which would result in unrelated alternative sequences, include duplication of a different exon from the same gene, duplication of an exon from a different gene, or emergence of an exon from an intron sequence. At present, in the absence of evidence in support of these routes, tandem exon duplication appears to be a major, if not the principal, evolutionary source of substitution alternative splicing.
MATERIALS AND METHODS

Alternative splicing data set
Since the SwissProt database contains a list of genes that have been annotated as alternatively spliced, all analyzed protein sequences were extracted from SwissProt by using 'alternative splicing' as a keyword. Because SwissProt does not include information about the gene structure of the alternative forms, and to avoid including potential sequencing and annotation errors, only the cases of substitution alternative splicing in which both the original and the alternative sequence were longer than nine amino acids were retained. To create a nonredundant set of alternatively spliced gene forms, only one of each set of homologous alternatively spliced forms (those that produced a collinear BLAST alignment including the alternative sequence) was retained in the data set. The final data set included 575 instances of substitution alternative splicing. To determine the gene structure of alternatively spliced human genes, the cDNAs were aligned with the rough draft of the human genome (4) using the BLAT server at the University of California-Santa Cruz (http://genome.ucsc.edu/).
Sequence analysis
Protein sequence database searches were performed using the BLASTP program (24) and the non-redundant database at the National Center for Biotechnology Information (NIH, Bethesda). Pairwise sequence comparisons were performed using the BLASTP program with default parameters, but using the BLOSUM80 substitution matrix; for each comparison, one of the analyzed sequences was converted to a 'blastable' database by using the FORMATDB program and the other sequence was used as a query to search this database (24) . Multiple alignments of protein sequences were constructed using the ClustalX program (35) . Amino acid pattern search was performed using the ScanProsite program at the Swiss Institute of Bioinformatics (36) .
To identify the LCA, in which the duplication of the exon is likely to have occurred, the significance of the observation that a homologous exon is more similar to one of the alternative exons than to the other was assessed using the Mann-Whitney U test (P < 0.01). For each of the alternative exons, the most distant statistically similar homolog, such that, in the species tree, the corresponding species were closer to each other than to the species with the alternative splicing, was used for this test. The duplication was then dated to the LCA of the lineage with the alternative splicing and lineage, from which the closest of the homologs was derived. The SwissProt entries for all analyzed alternatively spliced gene forms and the alignments of duplicated alternative exons are available at ftp:// ncbi.nlm.nih.gov/pub/Koonin/alternative_splicing
